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Available online 24 May 2008AbstractAs part of the Ant-Plane project for summertime scientific research and logistics in the coastal region of Antarctica, we devel-
oped six types of small autonomous UAVs (unmanned aerial vehicles, similar to drones; we term these vehicles ‘Ant-Planes’) based
on four types of airframe. In test flights, Ant-Plane 2 cruised within 20 m accuracy along a straight course during calm weather at
Sakurajima Volcano, Kyushu, Japan. During a period of strong winds (22 m/s) at Mt. Chokai, Akita Prefecture, Japan, Ant-Plane 2
maintained its course during a straight flight but deviated when turning leeward. An onboard 3-axis magneto-resistant magnetom-
eter (400 g) recorded variations in the magnetic field to an accuracy of 10 nT during periods of calm wind, but strong magnetic
noise was observed during high winds, especially head winds. Ant-Plane 4-1 achieved a continuous flight of 500 km, with a max-
imum flight altitude of 5690 m. The Ant-Plane can be used for various types of Antarctic research as a basic platform for airborne
surveys, but further development of the techniques employed in takeoff and landing are required, as well as ready adjustment of the
engine and the development of small onboard instruments with greater reliability.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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The 45th Japanese Antarctic Research Expedition
(JARE) withdrew its Cessna A185F Skywagon
(JA3889) and Pilatus Porter PC-6 (JA8228) aircraft
from service at the Japanese Antarctic station (Syowa
Station; Lu¨tzow-Holm Bay, East Antarctica) at the end* Corresponding author.
E-mail address: funaki@nipr.ac.jp (M. Funaki).
1 Members of the Ant-Plane Project Group: M. Funaki, N. Hira-
sawa, S. Imura, K. Moriwaki, Y. Nogi, K. Ishizawa (National Insti-
tute of Polar Research, Tokyo, Japan), S. Higasino (Kyushu
University, Fukuoka, Japan), H. Murase (Institute of Cetacean Re-
search, Tokyo, Japan), S. Sakanaka (Akita University, Akita, Japan),
H. Sakai (Toyama University, Toyama, Japan).
1873-9652/$ - see front matter  2008 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2008.05.002of January 2005; consequently, airborne surveys and
transportation undertaken using these aircraft ceased at
the station during thewinter season of JARE-46. The air-
craft were withdrawn from service because the loads
were too heavy for the crew and mechanics to ensure
their safe operation given difficulties in maintaining
the aircraft and runway. Moreover, the station is not
equipped with a hanger; this shortcoming is especially
problematic during winter, when considerable labor
was required by the aircraft crew to remove snow that en-
tered the aircraft during blizzards. Maintenance of the
runwaywas also difficult due to the formation of sastrugi
following strong winds and the development of puddles
and thin sea ice during the summer. Consequently, the
planes were withdrawn from service, putting an end toreserved.
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surveys, the monitoring of penguins and seals, meteoro-
logical observations, and high-altitudemedical research.
The inability to reconnoiter glacier and sea ice condi-
tions based on aerial photographs has become a serious
problem in terms of the safety of expeditions undertaken
in Antarctica using snow vehicles.
The development of small drones (unmanned aerial
vehicles; UAVs) that navigate by global positioning
system (GPS) in undertaking airborne surveys at
Syowa Station would be of enormous benefit for Ant-
arctic research. The feasibility of such airborne surveys
by a small UAV has been ensured by recent improve-
ments in onboard instruments and GPS that have
made them small, light, power-efficient, and accurate.
In fact, small UAVs have previously completed transat-
lantic flights. A UAV named Reamer (2.9 m wingspan,
13 kg in weight) produced by Aerosonde Co. in
Australia flew 3270 km from Newfoundland, Canada,
to Ireland on 21 August 1998, taking 26 h and
45 min. Moreover, the Trans-Atlantic Model-5 UAV
(10 cc gasoline engine, film-covered wooden construc-
tion) crossed the Atlantic (3030 km) on 9 August 2003
in a continuous flight of 38 h and 52 min. Military
UAVs have become increasingly widely used for
reconnaissance activities over enemy territory in the
ongoing wars in Afghanistan and Iraq; however, it is
difficult to obtain these UAVs for Antarctic research
because their general sale is prohibited and/or export
restricted due to fears regarding their use as weapons.
In addition, the costs of these UAVs can exceed those
of manned aircraft.
It terms of assisting scientific research in Antarctica, it
is therefore important to develop a small UAVourselves,
using model airplane technology. Such a plane would
deliver the following benefits to Antarctic research.
(1) The safest form of airborne survey.
(2) The most economical mode of airborne survey.
(3) Long flights of more than 1000 km.
(4) Ease of transportation.
(5) Flights over high-risk areas such as crevasses and
active volcanoes.
(6) Few legal restrictions because such a UAV would
be classified as a model airplane. In Japan, per-
mission is only required from the Civil Aviation
Safety Authority (CASA) for flights of a model
plane above 250 m in altitude or 150 m above
the ground (although such flights are prohibited
around airports and other sensitive areas).
(7) It is unnecessary to submit flight plans to the
CASA.(8) No restrictions related to limited flight times,
mechanical examinations, and pilot training.
(9) It is possible to fly a UAV without the restrictions
of radio laws.
(10) The UAV can be operated by researchers them-
selves, without the need for pilots or mechanics.
(11) A single plane can operate in high-risk areas.
(12) Ease of takeoff and landing using a short runway,
catapult, parachute, or net.
Although UAVs have yet to be employed in Antarc-
tic research, they present the above advantages in
undertaking such expeditions. With this in mind, we
established the Ant-Plane project in 2002, bringing
together a team of Antarctic and aeronautical re-
searchers in Japan with the aim of developing a UAV.
The small UAVs produced as part of this project are
termed ‘‘Ant-Planes,’’ with the prefix ‘‘Ant’’ referring
to both Antarctica and the small size of the craft.
2. Performance targets for Ant-Planes
For the successful flight of an Ant-Plane in Antarc-
tica, the plane must be capable of long-distance flight
under autonomous control at low temperatures, be eas-
ily transported to and within Antarctica, and readily
takeoff and land at Antarctic stations. To carry large
payloads, the airframe must be large and strong, with
a large engine; however, if the takeoff weight exceeds
100 kg, the plane is no longer considered a model
airplane under Japanese law, and is then subject to
the restrictions of Japanese aviation law. On this basis,
we decided that the Ant-Plane should have a maximum
wingspan of 4 m and a dry weight of 30 kg, making it
easily transportable by the types of helicopters carried
on icebreakers and by snow vehicles upon sea ice and
continental glaciers. Moreover, the assembly and oper-
ation of an Ant-Plane of this size is easily carried out
by just a small number of people.
An Ant-Plane with a wingspan of less than 2 m and
takeoff weight of less than 5 kg could easily be oper-
ated from small camps. Because the flight range of
the manned aircraft at Syowa Station was 300 km
(100 km to Lu¨tzow-Holm Bay, 300 km to Yamato
Mountain, 300 km to Mizuho Station, and 300 km to
the Prince Olave coast region), a total distance of
1000 km of continuous flight is required for the Ant-
Plane: 600 km for the round trip, 300 km for research
flights conducted during the trip, and 100 km to spare.
The maximum possible payload of the largest Ant-
Plane is about 2 kg, although this depends on the
amount of fuel carried by the plane.
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expected to operate at high levels of efficiency under
the extreme cold of the Antarctic winter, and strong
winds are problematic given the small size of the
plane. Therefore, development of the Ant-Plane is
based on its use under calm conditions within coastal
regions during the Antarctic summer: > 15 C and
<10 m/s wind speed.
There are a number of design requirements of the
Ant-Plane related to the nature of the scientific re-
search being supported by the plane and its intended
flight plan. For example, the magnetization and elec-
tromagnetic noise of Ant-Plane should be minimized
to enable aeromagnetic surveys; a flight altitude in
excess of 5000 m is preferable for meteorological
observations; and in census studies of penguins and
seals, a silent, electric-powered UAV is preferable to
a gasoline-powered engine. Current technology limits
electric-powered flights to distances of less than
100 km: gasoline-powered engines remain necessary
for long-distance flights. Based on these various
requirements, we developed six models of Ant-Plane
based on four principal airframes (Table 1).
Once the design targets have been met, Ant-Plane
can be used for various types of airborne survey, in
place of manned craft, during the Antarctic summer.
Airborne surveys would become widely employed
because researchers could take Ant-Plane to the station
and into the field, operating it themselves in the safest
and most economical manner. Ant-Plane is also
expected to prove useful in investigating events beyond
the horizon following disasters such as volcanic erup-
tions, earthquakes, tsunamis, and weather-related
events. An onboard digital video camera could be
used to photograph disasters that occurred 500 km
from the site at which the plane was launched.
3. General description of the Ant-Plane
3.1. Autonomous navigation system
Fig. 1 provides an outline of the autonomous navi-
gation system employed by the Ant-Plane. The plane
is controlled by a microcomputer (controller) with
reference to GPS-derived latitude and longitude,
barometer-derived altitude, pitot-tube-derived speed,
and accelerometer-derived 3-axes acceleration. At the
ground station before takeoff, the way points (Wp),
consisting of the latitude, longitude, altitude, and
speed, are registered to the controller from a PC. The
Ant-Plane flies along a sequence of Wp to minimize
the degree of deviation between each virtual Wp andthe actual position of the plane using proportional-inte-
gral-derivative (PID) control, whereby the virtual Wp
moves along the line between the Wp most recently
passed and the approaching Wp by adjustments to
the speed. We use four types of navigation systems
in this study, those produced by NIPPI Co. (Japan),
Fuji-Imvac Co. (Japan), Kyushu University (Japan),
and Micro Pilot Inc. (Canada).
3.2. Ant-Planes 1 and 2
Ant-Planes 1 and 2, tractor-type UAVs, were origi-
nally produced as target drones by NIPPI Corporation.
The planes were remodeled for the purpose of aero-
magnetic surveys: a magnetometer sensor was installed
at the tip of one wing of each craft after evaluating the
magnetic fields of the planes. These Ant-Planes (Table
1; Figs. 2a and 3) are single-engine model airplanes of
1.8 m in length, 2.0 m in wingspan, and 15 kg in total
weight. The two-cylinder (horizontally opposed) two-
stroke gasoline engines are 86 cc in size. These planes
have a cruising speed of 150 km/h, cruising time of
1 h, and 200 m/min of ascent speed. The airframes
are made of plywood and the wings are made of sty-
rene foam and balsa wood.
Takeoff is controlled manually by an operator using
a wireless transmitter (proportional transmitter;
Propo); the manual control mode is switched to auton-
omous mode once the plane is 50 m above the ground.
During landing, the plane is again controlled manually
using Propo once it approaches within a 400 m radius
of the ground station. Flight data (e.g., GPS data, atmo-
spheric velocity, barometer altitude, and engine perfor-
mance) are sent to the station from the onboard
transmitter when the plane is less than 5 km (maximum
20 km) from the ground station. The data can be
monitored on the PC at the ground station. If the plane
encounters a problem during flight, the engine stops
and a parachute is released automatically.
3.3. Ant-Plane 3 (models 3-1, 3-2, and 3-3)
Ant-Plane 3-1 (Table 1; Figs. 2b and 4), a scale
model of the Grob G109 (Aeronaut company, Ger-
many), is a tractor-type model plane with a length of
1.32 m, wingspan of 2.76 m, and height of 0.37 m.
Power is supplied from a lithium polymer battery
(18.5 V, 6.45 A/h) to a brushless 756 W (w1 hp)
motor. The body is made of fiberglass, and the wings
are made of balsa wood and heat-shrunk film over a sty-
rene foam base. The plane contains a relatively large
space within the body for the installation for avionics
Table 1
Specifications of the autonomous UAVs developed as part of the Ant-Plane project
Ant-Plane 1, 2 Ant-Plane 3-1 Ant-Plane 3-2, -3 Ant-Plane 3-4 Ant-Plane 4-1, 2, -3 Ant Plane 5
Dry weight (kg) 15 4 6 4.5 15 15
Fuel (cc) 2400 e 700 1600 800 18,000
Max. takeoff
weight (kg)
19 7 7.5 5.8 25 28
Max payload (kg) 4 0.5 1 0.8 5 1
Fuel consumption (km/l) 94 e 149 219 81 110
Fuel consumption (cc/h) 1600 e 470 320 1600 1000
Max distance (km) 230 30 100 300 500 1000
Cruising speed (km/h) 150 70 70 70 130 110
Cruising time (h) 1.5 0.4 1.5 5 5 10
Max. altitude (m) >1400 >250 >250 >250 5690 >1000
Stalling speed (km/h) 90 50 48 40 60 60
Engine 86 cc 2-cycle,
2-cylinder,
gasoline
756 W
brushless
motor
15 cc 4-cycle
gasoline
10.6 cc
4-cycle
diesel
86 cc
2-cycle,
2-cylinder,
gasoline
47 cc
2-cycle,
gasoline
Power (hp) 7.5 1 1 0.8 7.5 5.2
Rotation speed (rpm) 8000 10,000 8000 7000 8000 8000
Generation e e e 3 W 12 V 30 W 12 V 30 W2
Emergency parachute Yes Yes Yes No Yes Yes
Communication
distance
5 5 5 5 5 5
Data communication Yes Yes Yes Yes Yes Yes
Suitable onboard
devices
Magnetometer Camera Magnetometer,
camera
Magnetometer Magnetometer,
Meteorology,
Camera
Magnetometer
Autonomous navigation NIPPI MicroPilot Kyushu Univ. MicroPilot Fuji-Imvac Fuji-Imvac
Main developer NIPPI NIPR Kyushu Univ. NIPR Fuji-Imvac Fuji-Imvac
NIPR: National Institute of Polar Research; Kyushu Univ.: Dep. Aeronautics and Astronautics, Kyushu University; NIPPI: NIPPI Corporation; Fuji-
Imvac: Fuji-Imvac Inc.
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confirmed with a cruising speed of 70 km/h and 5 kg
in takeoff weight. The plane is controlled by an
onboard autonomous navigation system (MicroPilot
PL2028g). As with Ant-Planes 1 and 2, flight condi-
tions can be monitored at the ground station. Awindow
on the floor of the plane enables aerial photographs to
be taken using a digital camera or digital video camera.
Ant-Planes 3-2 and 3-3 employ the same airframe as
that of Ant-Plane 3-1, and are driven by single-cylinder
four-stroke gasoline engines (1.0 hp; Table 1). The
engines were converted from 15 cc four-stroke glow
engines to gasoline engines to enable long-distance
flights. The autonomous navigation system used in
these planes was developed by Higashino et al.
(2007) with the aim of multipurpose airborne surveys,
especially aerial photography and aeromagnetic
surveys.
Ant-Plane 3-4 uses the same airframe as that used in
Ant-Plane 3-1, and is powered by a single-cylinder
four-stroke diesel engine (Table 1). The engine was
converted from a 14 cc four-stroke glow engine to
a 12 cc diesel engine (1.0 hp) by Mokouken Co.,enabling high fuel economy (219 km/l), although
with stronger vibrations than those produced by a gaso-
line engine. Because the fuel compression ratio of the
model diesel engine is lower than that of a regular
diesel engine, ether is added to the mixture of kerosene
and engine oil to enable combustion. A generator (9 V,
3 W) is connected to the engine to supply power for
servomotors and a radio receiver. Ant-Plane 3-4 was
developed for aeromagnetic surveys: the engine emits
very little magnetic or electromagnetic noise.
3.4. Ant-Plane 4-1
Ant-Plane 4-1 was developed for long-distance
flights of up to 500 km (Table 1; Figs. 2c and 5). The
body is made of fiberglass, and the wings are made
of balsa wood on a styrene base. The plane is
a pusher-type, equipped with an 86 cc horizontally
opposed two-stroke gasoline engine. The engine power
is enhanced by tuned pipes, and a 30 W dynamo is con-
nected to the engine to supply electric power to the
plane. The plane uses the same autonomous navigation
system and transmitter as those installed in Ant-Plane
Fig. 1. Schematic diagram of the major features of Ant-Plane.
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when the plane is located within a radius of 5 km
(maximum 20 km). If problems occur during flight,
an emergency parachute opens automatically. The
plane can fly continuously for up to 4.5 h at a cruising
speed of 130 km/h with a payload of 1 kg. A 1-m-long
pipe can be attached to the nose of Ant-Plane 4-1 to
enable the installation of a magnetometer sensor.
3.5. Ant-Plane 5
Ant-Plane 5 is a pusher-type UAV with a 50 cc two-
stroke gasoline engine (Table 1; Figs. 2d and 6). The
airframe is designed in the shape of a glider to enable
long-distance flight. The plane is equipped with an
autonomous navigation system and transmitter, and
flight conditions are monitored at the ground station,
as with Ant-Plane 1. A parachute is triggered automat-
ically in the event of malfunction. Although the plane
has yet to be tested in a long-distance flight, it is
designed to fly at a cruising speed of 110 km/h for
more than 1000 km with a 1 kg payload.
3.6. Progress of the Ant-Plane project
The Ant-Plane project started in 2002 with the aim
of developing a small autonomous UAV; subse-
quently, members of NIPR collaborated with NIPPI
Co. in developing Ant-Planes 1 and 2, and since
2003 have worked with researchers from Kyushu
University in developing an autonomous flight controlsystem. Because Ant-Planes 1 and 2 are difficult to
control manually due to a high stall speed (90 km/
h), it became apparent that the project required
planes that were more simple and easier to control.
To address this need, a commercially available scale
model of the Grob G109 was selected in 2004. To
reduce the magnetic noise produced by the engine
and improve fuel economy, four-cycle diesel engines
were developed from 2004 in collaboration with
Mokouken Co. Consequently, more easily controlla-
ble and economical UAVs (Ant-Plane 3 series) were
developed.
A long-distance UAV was also required for multi-
purpose scientific missions involving tasks such as
magnetic surveys, meteorological observations, and ae-
rial photography. To avoid contamination by the engine
exhaust during metrological surveys, pusher-type
UAVs were developed from 2004 in cooperation with
Fuji-Imvac Inc. In 2005, Ant-Plane 4 succeeded in un-
dertaking a long-distance flight of 500 km in Australia
while carrying an MR magnetometer, and a high-alti-
tude flight up to 5690 m altitude in northern Japan
while carrying meteorological instruments.
During the development period of Ant-Plane, sym-
posiums were hosted by the Ant-Plane project in
2003, 2005, and 2006 with a focus on the application
of a small autonomous UAV for scientific research mis-
sions. During the symposiums, delegates discussed
how Ant-Plane could be used as a platform for scien-
tific research, in both Antarctica and other parts of
the world.
Fig. 2. Photographs of Ant-Plane UAVs developed as part of the Ant-Plane Project.
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Test flights of Ant-Planes 1 and 2 were undertaken
from Yogandai Ground to Sakurajima Volcano (Sakur-
ajima, Kagoshima City, Japan) on 17e18 November
2003. The flights involved aeromagnetic surveys using
a magneto-resistant magnetometer and aerial photo-
graphs taken using a digital video camera. To remove
electromagnetic noise emitted by the gasoline engine,
copper mesh was used to shield the cables between
the ignition coils and spark plugs. The cruising speed
and altitude were set to 150 km/h and 700 m, respec-
tively. After completing measurements of the magnetic
field on schedule, the engine in Ant-Plane 1 stopped
when the throttle was closed during the landing proce-
dure. The plane crashed into a forest near the runway
and was seriously damaged; fortunately, the magne-
tometer was recovered intact. Ant-Plane 2 experienced
the same problem when the throttle was closed, but the
plane was able to escape damage in landing close to
the runway. The cause of this engine failure during
slow engine rotation appeared to be a decrease in the
voltage of the spark plugs due to the electromagnetic
induction conducted by the copper mesh.Fig. 7 shows an example of an autonomous flight
made by Ant-Plane 2. Conditions were fine and calm
for the flight, and the ground temperature was 23 C.
The flight altitude was set to 700 m for the autonomous
part of the flight. After the plane had taken off from the
runway under manual control using Propo, the autono-
mous navigation system was switched on at an altitude
of about 50 m. The autonomous flight was pro-
grammed to involve two shuttle flights (Shuttles #1,
#2) along Wp 1e5 in Course A, one shuttle (Shuttle
#3) along Wp 6, 7, 8, 4, and 5 in Course B, and finally
one shuttle (Shuttle #4) along Wp 6e8 in Course B,
with the landing procedure being programmed before
Wp 4. Once the plane descended to about 200 m in
altitude, it was manually guided to the runway using
Propo. The distance of each shuttle was about 8 km
for both courses.
The flight tracks shown in Fig. 7 were plotted based
on GPS positions (latitude and longitude) determined
at 1-s intervals. The large deviation between the
courses of Shuttle #1 and #2 reflects differences in
the starting points when aiming for Wp 1. For Course
A, the deviation recorded at cruising speed was less
than 20 m in a straight line and less than 50 m when
Fig. 3. Design drawings of Ant-Plane 2, a tractor-type model with a 86 cc two-stroke gasoline engine. Units are in millimeters.
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than 20 m between Wp 5 and 6, but deviated by 50 m
after turning at Wp 8. This large deviation was rectified
after 1 km of flying in a straight line.
Fig. 8 shows the record of GPS altitude and GPS
satellite number during the flights over Courses A
and B. Ant-Plane 2 ascended to 700 m within 1 min
of takeoff. Altitude was maintained at 723  3 m
during straight flight, but showed marked variation
when turning at the waypoints. For example, in Course
B the plane ascended to 742 m after turning at Wp 4e5
in Shuttle #3, and descended to 678 m during Wp 4e5
in Shuttle #4. This remarkable variation in altitude was
caused by the short-radius turning maneuver (around
Wp 4e5); a smaller change in altitude was recorded
at Wp 1e3 and Wp 6e8. The GPS altitude at cruising
speed was around 720 m (see Fig. 8a), higher than the
programmed altitude of 700 m. The reason for this
discrepancy was differences in the GPS and barometer
altitudes employed by the autonomous navigation
system.
The GPS-derived groundspeed of Ant-Plane 2 is
shown in Fig. 9. The plane traveled at 108e140 km/h
when flying to the east, slower than the 145e172 km/
h of westward flight. The average cruising speed was
145 km/h, and the maximum wind speed toward theheading was estimated to be 37 km/h (10.3 m/s) based
on the largest deviation from the average speed. These
flight data appear reasonable given that the wind speed
and direction at 700 m above Kagoshima City at 10:00
local time on 18 November 2003 were 7 m/s (25.2 km/
h) and 118, respectively, as measured by the Kagosh-
ima Meteorological Observatory. The discrepancy
between the average (145 km/h) and programmed
speed (150 km/h) may reflect errors in calibrating the
pitot speed.
5. Flights at Mt. Chokai
Six aeromagnetic survey flights were carried out
using Ant-Plane 2 on 13 September 2003 above the
slopes of Mt. Chokai (N140.0726, E39.21707;
Yuri-Honjo City, Akita Prefecture, Japan). The copper
mesh between the ignition coil and spark plugs was
removed to avoid engine failure when the throttle
was closed. The flight tracks of Flight #4 and Flight
#6 are shown in Fig. 10. Within a 6  4 km area, we
arranged 9 EeW survey lines at spacings of 500 m, 5
NeS survey lines at spacings of 1 or 2 km, and 25
way points (Wp 1e25), with the way points placed
on both sides of the survey lines. We set a flight alti-
tude of 800 m and cruising speed of 130 km/h. After
Fig. 4. Design drawings of Ant-Plane 3-1, a tractor-type model with a 756 W electric motor. Units are in millimeters.
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system was switched on once the plane was 50 m
above the ground; landing was controlled manually
once the Ant-Plane had passed over Wp 25. The total
flight distance was about 100 km over a period of
45 min; a wind of 5 m/s toward the SW was recorded
at the ground station during the flight.
For Flight #6, the course was shifted 250 m to the
north of that used in Flight #4, without any change in
the flight parameters. Although the wind speed was
just 5 m/s before takeoff, the wind gradually strength-
ened, and rain began to fall during the latter half of
the flight. The flight was satisfactory until a sudden
descent between Wp 24 and 25 was recorded at the
ground station. Engine failure was diagnosed, and
a command to open the parachute was immediately
sent via radio from the ground station to the Ant-
Plane. The plane was recovered, without serious
damage, based on the last GPS position sent from
the onboard transmitter. The plane had drifted
250 m toward 235 (SW) from its last transmitted
location. The engine had failed because the plane
ran out of fuel. The flight patterns for Flights #4
and #6 were consistent with those of the programmed
flights. The deviation in flight course when turning
was minor for turns to the south and west (head
wind), but large for turns to the north and east (tail
wind) due to the strong wind blowing toward theSW. The excessive fuel consumption that led to the
plane running out of fuel occurred because of the ad-
justments necessary to maintain heading against the
strong cross-wind.
The GPS-derived ground speeds for Flights #4 and
#6 are shown in Fig. 11. Although the programmed
speed for Flight #4 was 130 km/h, the ground speeds
were 90 and 170 km/h when flying to the west and
east, respectively. The virtual wind speed (wind speed
in the flight direction) was estimated to be 40 km/h
(11 m/s). Given that the wind direction was 235, the
wind speed is calculated to have been 48.8 km/h
(13.6 m/s). During Flight #6, the ground speed was
70 km/h when flying to the west and 200 km/h when
flying to the east. For Flights #6 and #4, we estimated
a cruising speed of 135 km/h, virtual wind speed of
65 km/h (18.1 m/s), and wind speed of 79.3 km/h
(22.0 m/s).
6. Aeromagnetic surveys
6.1. Magneto-resistant magnetometer system
We selected a magneto-resistant (MR) magnetome-
ter (HMR-2300, Honeywell, USA) as an onboard
magnetometer for the Ant-Plane. This magnetometer
has not been employed previously in standard
magnetic surveys, but it costs less than 10% of the
Fig. 5. Design drawings of Ant-Plane 4-1, a pusher-type model with an 86 cc two-stroke gasoline engine. Units are in millimeters.
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This was important because in developing the Ant-
Plane there existed the possibility of losing standard
magnetometers because of problems with the reliabil-
ity of the plane. The selected magnetometer has three
components; the accuracy of the x, y, and z axes are
2 and the sensitivity is 7 nT. The sensitivity appears
to be sufficient given the magnetic noise produced by
Ant-Plane (about 10 nT). The size and weight of the
magnetometer, at 9.0  3.8  2.2 cm and 80 g, re-
spectively, are suitable for use in a small airplane.
The entire magnetometer system (400 g, 0.3 W) con-
sists of the MR-magnetometer, a lithium polymer bat-
tery, GPS, and a data logger. The magnetic x, y, and z
components, latitude, longitude, altitude, time, and
satellite number are recorded by the data logger at
1-s intervals over a period of 6 h, powered by
a 1.7 A/h battery.6.2. Aeromagnetic survey at Sakurajima Volcano
Magnetic variations recorded during the flights over
Courses A and B at Sakurajima Volcano (Fig. 7) is
shown in Fig. 12. As the heading of Ant-Plane 1 was
unknown, we used the total magnetic field (F) calcu-
lated from the x, y, and z components. The residual
magnetic field of the plane was about 50 nT to the
nose direction at the sensor site (tip of the wing). Ac-
cording to the variations in the magnetic field observed
at Kanoya Magnetic Observatory (Japan Meteorologi-
cal Agency), there were no magnetic disturbances on
the day of the flight. The variations in F value are sim-
ilar for Flights #1 and #2 over Course A and for Flights
#3 and #4 over Course B. The minimum F value re-
corded at the time of 1 s occurred because the flights
approached the western boundary of the Taisho lava
flow. The high F values recorded around the time of
Fig. 6. Design drawings of Ant-Plane 5, a pusher-type model with a 50 cc two-stroke gasoline engine. Units are in millimeters.
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increasing topographic elevation of the steep slope of
the volcano.
6.3. Aeromagnetic survey at Mt. Chokai
Fig. 13 shows variations in F values observed along
a 6 km EeW segment of Flights #4 and #6 at Mt. Cho-
kai. The flight altitude was 800 m, although the actual
distance from the ground to Ant-Plane 2 varied
between 200 and 500 m; higher terrain (maximum
600 m) occurs on the western side of the flight area,
with relatively flat land (about 300 m in elevation) in
other areas. Variations in the F value recorded when
the heading was to the west (tail wind) werecharacterized by a short-period variation of several
seconds overlaid by a long-period variation of more
than 5 s, as shown in Fig. 13a; however, an anomalous
variation appeared at around 87 s (marked with ‘‘?’’ in
the figure): the F value suddenly decreased by 230 nT
over a period of 2 s and then increased by 270 nT over
a period of 2 s.
Variations in the F value when the heading was to
the east (head wind) are shown in Fig. 13b. Rapid
variations between 100 and 500 nT were observed
throughout the flight. These pronounced short-period
variations occurred continuously when flying into
a cross-wind (wind speed of 48.8 km/h), but were
rare when flying with a tail wind. These variations
were not observed during the Sakurajima Volcano
l a t
Fig. 7. Flight tracks of Courses A and B followed by Ant-Plane 2 over Sakurajima Volcano (Kita Dake, Naka Dake and Minami Dake). Pro-
grammed altitude: 700 m; Way points: 1e8.
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(37 km/h). The reason for these large variations is
probably magnetic noise resulting from the time0
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Fig. 8. (a) Record of GPS-derived altitude (programmed altitude,
700 m) during flights at Sakurajima Volcano (as shown in Fig. 7),
(b) the number of GPS receptions.constant of the magnetometer and the angular accuracy
of the x, y, and z axes.
If the plane tilts suddenly due to strong turbulence,
magnetic noise becomes a serious problem because the
magnetometer cannot be stabilized during periods of
turbulence. We cannot explain the reason for the occur-
rence of strong turbulence while flying into a head
wind. According to the magnetic anomaly map of
this region published by Okuma et al. (2002), a NeS
positive anomaly runs through the approximate center
of the area, with both positive and negative anomalies
in the western part. The observed magnetic variations
recorded during legs with a tail wind, as shown in0
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Fig. 9. Record of ground speed for the flights described in Fig. 7.
Dotted line: programmed altitude of 700 m.
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Fig. 12. Total magnetic field observed during Flights #1 and #2 of
Course A and Flights #1 and #2 of Course B over Sakurajima
Volcano.
Fig. 10. Tracks of Flights #4 (black line) and #6 (gray line) followed
by Ant-Plane 2 over Mt. Chokai. Flight #6 is the same as Flight #4,
although shifted 250 m to the north.
140 M. Funaki et al. / Polar Science 2 (2008) 129e142Fig. 13a, appear to be consistent with the mapped mag-
netic anomaly pattern, taking into account the effects
of topography and magnetic anomalies. Based on these
results, we conclude that magnetic surveys by the Ant-
Plane should be performed during calm conditions.0
50
100
150
200
250
0
50
100
150
200
250
1 301 601 901 1201 1501 1801 2101 2401 2701
1 301 601 901 1201 1501 1801 2101 2401 2701
Fig. 11. Record of ground speed during Flights #4 and #6 shown in
Fig. 10.7. High-altitude flights carrying meteorological
instruments
High-altitude flights were conducted at Monbetsu,
Abashiri-shicho, in Hokkaido, Japan, on 29 June
2005. Ant-Plane 4-1 flew from the runway
(N4415.580, E14331.990, 13 m in altitude) and
cruised over an area of 1  2 km. The altitude was in-
creased in stepwise increments during the flight. The
target altitude and the altitude of the plane during the47300
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Fig. 13. Total magnetic field observed during Flights #4 (tail wind)
and #6 (head wind) over Mt. Chokai.
141M. Funaki et al. / Polar Science 2 (2008) 129e142Flight #2 are shown in Fig. 14. Because the plane was
overturned by strong winds while cruising at 5690 m in
GPS altitude (5719 m in barometer altitude), it was
manually controlled in descending to 1000 m and
finally undertook a stepwise descent to the ground.
At 5690 m, the outside air temperature was 11.9 C
and atmospheric pressure was 499.9 hPa.
During Flights #2 and #3, the temperature, humid-
ity, and aerosol particle number were measured up to
5690 and 4000 m in altitude, respectively. A cloud
layer was encountered between 300 and 600 m in alti-
tude during Flight #2 and at 1000 m during Flight #3,
but the plane passed through the clouds without any
problem. Similar trends in meteorological data were
observed in both flights. Namely, a temperature inver-
sion layer was recorded immediately above the cloud
layers: the temperature gradually decreased up to the
cloud layers, increased within the inversion layer, and
then resumed a gradual decrease above the cloud
layers. The humidity increased gradually with height,
reaching 90% within the cloud before falling rapidly
above the cloud to largely stable values of around 50%.
The number of particles of 0.7 and 2.0 mm in diam-
eter decreased rapidly up to 700 and 500 m elevation,
respectively, showing a gradual decrease at greater
heights. The number of 0.3 mm particles remained
largely invariant until 500 m, decreased rapidly
between 500 and 700 m, and showed no systematic
variations at altitudes above 700 m (these results will
be described in detail by Hirasawa et al. (in press)).
8. Problems anticipated in the use
of a small UAV in Antarctic research
The small UAVs developed as part of the Ant-Plane
project are types of model airplanes that employ0
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Fig. 14. Record of GPS-derived altitude during a high-altitude flight
up to 5690 m in elevation over Monbetsu, Abashiri-shicho,
Hokkaido.autonomous navigation systems. The employed
airframes, engines, avionics, etc. are specially designed
to be small, light, and inexpensive; consequently, the
strength, reliability, and safety of the planes are poor
relative to those of manned aircraft, and the software
and backup system employed to ensure the safety of
the flights are also lacking to some degree. The likeli-
hood of accidents is especially high within several
minutes of takeoff and landing, as with manned
aircraft, making it dangerous to operate these UAVs
in residential areas; however, the Ant-Plane is expected
to provide a basic platform for airborne research over
barren areas, especially Antarctica. The use of a para-
chute is important from the viewpoint of flight safety,
even though the plane is intended to fly over uninhab-
ited land.
The low-temperature performance of the Ant-Plane
has yet to be fully tested. The maximum and
minimum summertime temperatures at Syowa Station,
as measured from 1 December 2004 to 31 January
2005, were 7.5 C and 8.1 C, respectively (Report
of the 45th Japanese Antarctic Research Expedition,
2005). In our experiments, the minimum temperature
experienced by the Ant-Plane was 11.9 C at Mon-
betsu. Although it did not fly, Ant-Plane 2 previously
taxied along the runway at Syowa Station in temper-
atures of 20 C (JARE-46, winter). Amateur model
airplane enthusiasts have flown model airplanes at
temperatures of around 15 C in the Hokkaido
winter, and our own low-temperature laboratory tests
failed to detect significant hardening or brittleness
of the plastic and rubber materials used in the Ant-
Plane at 15 C; therefore, the Ant-Plane is likely
to be reliable during the summer season at Syowa
Station, although the use of thermal insulation and/
or a heating system in the body of the plane should
be investigated to ensure greater reliability when
flying in Antarctica.
Because Ant-Planes 3-4, 4-1, and 5 source most of
the required electric power from a generator during
long-distant flights, it is not necessary to consider
the problem of reduced battery capacity under low-
temperature conditions; however, this problem must
be addressed for short flights during which onboard
batteries meet all of the power requirements. Insulation
or heating of the batteries will minimize the risk of
power loss under low-temperature conditions. The
future development of highly efficient solar panels,
fuel cells, and capacitor cells will enable electric-
powered planes to fly continuously over long-distances
without problems associated with battery capacity and
strong vibrations at low temperatures.
142 M. Funaki et al. / Polar Science 2 (2008) 129e142Small UAVs are vulnerable to strong winds. The
mean wind speed at Syowa Station was 4.4e4.6 m/s
for the period from 1 December 2004 to 31 January
2005. Given that regular strong katabatic winds at
Syowa Station cease in the afternoon, there are likely
to be sufficient suitable days available for Ant-Plane
flights during the summer season. Ant-Planes 1, 2,
and 4 can fly in winds in excess of 20 m/s; however,
such flights should be avoided because of problems
related to fuel consumption and problematic recovery
following descent by parachute.
Long-distance flights in excess of 100 km can only
be undertaken by gasoline-powered planes; however,
our experience suggests that special techniques are
required to adjust the carburetor to maintain the engine
at optimal performance. Moreover, rapid adjustments
to the plane must be made by the operator when
landing and taking off under control of the Propo,
thereby making it a difficult task for beginners. If
autonomous takeoff and landing could be realized, re-
searchers would be able to operate the Ant-Plane after
just a limited amount of basic training. The develop-
ment of catapult takeoff and parachute-landing
techniques should be developed in this regard.
The first test flight at Syowa Station, using a runway
constructed upon sea ice near the station, was carried
out by JARE-46 using Ant-Plane 2 on 28 January
2006; however, the wing and propeller were broken
during takeoff when the plane tipped over upon
encountering a patch of rough snow on the runway. It
is difficult to construct a sufficiently flat runway on
the sea ice using snow vehicles during the summerseason because puddles form upon the extremely rough
and thin ice. A catapult is one solution to the problem
of takeoff of the Ant-Plane on such sea ice.Acknowledgments
The authors wish to thank Mr. H. Hakoshima
(NIPPI Co.), Mr. S. Tanabe (Fuji-Imvak Inc.), Mr. J.
Furusaki (Mokouken Co.), and M. Kadokura (Cross
Wind Flyers Club) for their assistance in developing
the Ant-Plane, and the Yanasegawa Radio Controller
Club for help with learning to fly model planes. This
research was financed by Development Research (E4,
2004e2006) of the National Institute of Polar Research
and a Grant-in-Aid for Scientific Research (Explor-
atory Research, 15654063, 2003e2005; Scientific
Research A, 17204038, 2005e2008) awarded by the
Japan Society for the Promotion of Science.References
Higashino, S., Funaki, M., Hirasawa, N., 2007. Development of Ant-
Plane UAVs for Observation and Scientific Missions in
Antarctica, AIAA paper, AIAA-2007, 2761.
Hirasawa, H., Ozuka, K., Hayashi, M., Funaki, M. Atmospheric ob-
servation using an UAVat northeastern Hokkaido on Okhotsk Sea
in Baiu season. Tenki, in press (in Japanese).
Okuma, S., Morijiri, R., Nakatsuka, T., Kakino, M., 2002. High-
Resolution Aeromagnetic Anomaly Map of the Yurihara Area.
1:50,000, Total Intensity Aeromagnetic Maps 40. Geological
Survey of Japan. AIST.
Report of the 45th Japanese Antarctic Research Expedition, 2005.
National Institute of Polar Research, Tokyo. 182.
